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. Professional APCs specialized for T-cell activation acquire viral antigen either by becoming infected themselves (direct presentation) or by phagocytosis of infected cells, followed by transfer of antigen to the cytosol, processing and MHC class I loading in a process referred to as cross-presentation 2 . An alternative way, referred to as 'crossdressing', by which an uninfected APC could present antigen was postulated to be by the transfer of preformed peptide-MHC complexes from the surface of an infected cell to the APC without the need of further processing 3 . Here we show that this mechanism exists and boosts the antiviral response of mouse memory CD8 1 T cells. A number of publications have demonstrated sharing of peptide-loaded MHC molecules in vitro [4] [5] [6] [7] . Our in vitro experiments demonstrate that cross-dressing APCs do not acquire peptide-MHC complexes in the form of exosomes released by donor cells. Rather, the APCs and donor cells have to contact each other for the transfer to occur. After a viral infection, we could isolate cross-dressed APCs able to present viral antigen in vitro. Furthermore, using the diphtheria toxin system to selectively eliminate APCs that could only acquire viral peptide-MHC complexes by cross-dressing, we show that such presentation can promote the expansion of resting memory T cells. Notably, naive T cells were excluded from taking part in the response. Cross-dressing is a mechanism of antigen presentation used by dendritic cells that may have a significant role in activating previously primed CD8 1 T cells. We investigated the capacity of dendritic cells to use peptide-MHC I complexes acquired from other cells to drive CD8 1 T-cell activation and expansion. Bone-marrow-derived dendritic cells (BMDCs) from B6.SJL-Ptprc a Pep3/BoyJ (B6.SJL) mice pulsed with SIINFEKL peptide (donor) were mixed with BMDCs from B6.GFP mice (recipient). After a 4-h incubation period the dendritic cell populations were separated using the markers CD45.1 and green fluorescent protein (GFP) to distinguish donor and recipient populations ( Supplementary Fig. 1 ). Sorted dendritic cells were cultured with carboxyfluorescein diacetate succinimidyl ester (CFSE)-labelled OT-I TCR transgenic cells, which express a TCR recognizing SIINFEKL in the context of H-2K b (Fig. 1a) . Although only the CD45.1 1 donor dendritic cells were pulsed with peptide, both dendritic cell populations could drive OT-I division (Fig. 1b) . Fixation of the recipient dendritic cells before mixing with peptide-loaded donor dendritic cells abolished their ability to drive OT-I division (Fig. 1c) . Antigen transfer could also occur when recipient dendritic cells were deficient in transporter associated with antigen processing (TAP), indicating that it is not conventional cross-presentation (Fig. 1d) .
It was unclear whether the recipient dendritic cells were merely acquiring free peptide from the culture or if they were 'stealing' an intact MHC I-peptide complex. Thus, we repeated the above experiment only this time B6.SJL peptide-loaded dendritic cells were mixed with dendritic cells from H-2K bm1 mice ( Supplementary Fig. 2 ).
H-2K bm1 mice bear a mutation in the K b molecule and although SIINFEKL can bind it is not recognized by OT-I T cells (Fig. 1e) . Nonetheless, culturing H-2K bm1 dendritic cells with peptide-loaded B6.SJL donor dendritic cells for a short period before purification resulted in OT-I T cell division (Fig. 1f) . Once again, fixation of H-2K bm1 dendritic cells before mixing with peptide-loaded donor dendritic cells abolished their ability to drive T-cell division, indicating that it was not simply contaminating donor dendritic cells that initiated OT-I expansion ( Supplementary Fig. 3 ). Therefore it seems that H-2K bm1 dendritic cells drive OT-I division due to their ability to acquire peptide-loaded class I molecules from other dendritic cells. Titrating the amount of peptide used to load donor dendritic cells showed that the recipient 'cross-dressed' dendritic cells were about three orders of magnitude less efficient than the donor dendritic cells in driving naive and memory T-cell proliferation (Fig. 1g , h and Supplementary Fig. 4) .
Exosomes are membrane vesicles of endocytic origin that are secreted by a range of cell types, including dendritic cells. Fusion of exosomes with a target cell membrane could facilitate the exchange of membrane proteins between two cell types 8, 9 . We explored if exosomes served as the means by which dendritic cells acquired loaded class I molecules in culture. Exosomes isolated from the supernatants of SIINFEKL peptide-loaded BMDCs were attached to beads and their phenotype assessed by flow cytometry. Exosomes stained positive for CD9, a member of the tetraspanin protein family routinely found on the surface of dendritic-cell-derived exosomes and MHC class II molecules. An antibody that recognizes SIINFEKL in the groove of H-2K b revealed that they also express peptide-loaded MHC class I molecules ( Supplementary Fig. 5 ). Exosomes recovered from the supernatant of B6 dendritic cells pulsed with SIINFEKL peptide were added to cultures containing CFSE-labelled OT-I cells and either B6 or H-2K bm1 dendritic cells. Exosomes alone as well as exosomes in the presence of B6 dendritic cells resulted in OT-I division (Fig. 2a) . Interestingly, the addition of H-2K bm1 dendritic cells to the exosome-T-cell culture resulted in the ablation of OT-I division. We speculate that this is due to the H-2K bm1 dendritic cells engulfing exosomes and degrading the contents or reloading the peptide onto their own, non-presenting class I molecule. To explore this possibility further, we isolated exosomes from the supernatant of peptide-pulsed H-2K bm1 dendritic cells. Exosomes from H-2K bm1 dendritic cells alone failed to drive OT-I division (Fig. 2a) . However, feeding these exosomes to B6 dendritic cells resulted in OT-I T cell division, indicating that dendritic cells can use exosomes as a source of antigen but do this by reloading the peptide onto their endogenous MHC class I molecules. Hence, exosomes are not the means by which intact MHC class I-peptide complexes are picked up by dendritic cells, but may serve as an effective means to transfer peptide antigen between cells.
Dendritic cells may acquire preformed peptide-MHC complexes from neighbouring cells using a mechanism termed trogocytosis [10] [11] [12] [13] . Consistent with a previous study 12 , we visualized membrane transfer during live imaging of cultures containing dendritic cells labelled with either a membrane (red) or a cytoplasmic dye (green) (Fig. 2b and Supplementary Movie 1). To investigate whether trogocytosis was the means by which dendritic cells acquired peptide-loaded MHC class I molecules, we used a transwell system with peptide-loaded B6 dendritic cells in one chamber and unloaded H-2K bm1 dendritic cells in the other to see if this separation would alter the ability of the H-2K bm1 dendritic cells to drive OT-I division. Physical separation of donor and recipient dendritic cells prevented MHC I-peptide acquisition by the H-2K bm1 dendritic cells (Fig. 2c, d ). Hence, dendritic cells acquire MHC class I-peptide complexes capable of driving CD8
1 T-cell activation via a mechanism that requires cell contact.
We next wanted to determine if dendritic cells could act as crossdressing APCs in vivo by acquiring class I-peptide complexes derived during a viral infection. We generated bone marrow chimaeras where we injected B6.GFP bone marrow into lethally irradiated F 1 [BALB/c 3 C57BL/6] mice. In this chimaera, bone-marrow-derived cells are of B6 origin and can be readily identified and sorted based on GFP expression, whereas the parenchyma cells are of F 1 origin and express both B6 and BALB/c MHC molecules. F 1 [BALB/c 3 C57BL/6] mice receiving B6.GFP bone marrow were infected with lymphocytic choriomeningitis virus (LCMV) and on day 2 and 3 after infection CD11c 
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production to a level 6-fold above background levels generated when CD11c 1 cells were recovered from LCMV-infected B6 mice receiving B6.GFP bone marrow (where there is no available source of H-2L d ) ( Fig. 3 and Supplementary Fig. 6a ). This ability to present to the hybridoma was limited to CD11c 1 cells, as isolated CD11c 2 GFP 1 cells from the same animals were unable to stimulate the L d restricted hybridoma ( Supplementary Fig. 6b, c) . Furthermore, dendritic cell subsets sorted from LCMV-infected F 1 [BALB/c 3 C57BL/6] mice receiving B6.GFP bone marrow revealed that CD8a 2 dendritic cells were superior to their CD8a 1 counterparts at antigen presentation via cross-dressing ( Supplementary Fig. 7) , which is consistent with previous in vitro studies 7 . To investigate whether cross-dressing functions to drive a CD8 1 T-cell population in the spleen (Fig. 4a, b) . Importantly, this expansion was not the result of direct antigen presentation by infected F 1 parenchyma cells or due to direct or classical cross-presentation by radio-resistant F 1 APCs, because when we ablated the BALB/c bone-marrow-derived CD11c 1 cells using diphtheria toxin treatment, OT-I expansion was greatly attenuated. It is unlikely that this effect is due to the acquisition of the diphtheria toxin receptor 
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memory OT-I T cells, did not render the non-transgenic cells susceptible to diphtheria toxin ( Supplementary Fig. 8) .
Remarkably, naive OT-I T-cell numbers in the same animals were not affected by the presence or absence of BALB/c APCs (Fig. 4a, c) . The naive T cells may be activated by recognizing antigen expressed either on residual, radio-resistant F 1 dendritic cells or on infected parenchymal cells. But it is clear that the naive CD8 1 T cells are not able to respond to cross-dressed antigen presentation in this in vivo model. This was not due to the naive T cells being out-competed by memory OT-I T cells because even when we transferred the naive T cells alone they failed to respond to this form of presentation (Supplementary Fig. 9 ). Although memory and naive OT-I T cells seem to reside in similar locations within the spleen in this experimental set-up ( Fig. 4d and Supplementary Fig. 10 ), memory T cells may be more responsive to cross-dressed antigen presentation due to more frequent and productive interactions with the dendritic cell subset actively engaged in trogocytosis. In addition, the differential response of naive and memory T cells may reflect a disparity in their epitope density requirements for activation in vivo, considering that cross-dressed antigen presentation is likely to be extremely low density (see Supplementary Fig. 4) .
Cross-dressing serves as an alternative mode of antigen presentation to memory T cells during viral infection. It eliminates the need for antigen processing by the presenting dendritic cell and allows the prompt presentation of peptide epitopes that very accurately reflect those expressed on infected cells.
METHODS SUMMARY
Bone-marrow-derived dendritic cells were generated and matured as described 14 . Dendritic cells loaded with OVA peptide (donors) were mixed at a 1:1 ratio with unloaded dendritic cells (recipient) for 4 h at 37 uC. Dendritic cells were separated by cell sorting and cultured with 2 3 10 4 CFSE-labelled naive OT-I.CD45.1 T cells. Cultures were analysed for proliferation after 60 h.
Naive OT-I cells were purified from pooled spleen and lymph node prepared from OT-I mice by depletion of non-CD8 1 cells using a MACs CD8 enrichment kit (Miltenyi Biotec) following the manufacturer's instructions.
Mice were infected intranasally with 5 3 10 4 plaque-forming units (p.f.u.) of recombinant vesicular stomatitis virus that expresses GFP and a truncated form of OVA 15 . The lymphocytic choriomeningitis virus (LCMV) Armstrong 53b was grown and titred as described previously 16 . Mice were infected intraperitoneally with 2 3 10 5 p.f.u. of LCMV Armstrong 53b. Exosomes were isolated following the procedure described in detail previously 
